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Abstract
The complete genome sequence of the Liaoning isolate of the Antheraea pernyi multinucleocapsid nucleopolyhedrovirus (AnpeMNPV) was
determined. The viral genome size is 126,246 bp, relatively GC-rich (53.5% G+C), with 145 predicted open reading frames (ORFs) of more than
50 amino acids, accounting for more than 97% of the genome. 97% of the ORFs have predicted functions or homologues in other baculoviruses.
There are six homologous repeat regions (hrs) and two bro homologues, which are associated with regions of genome instability. The virus lacks
the p35 homologue but encodes two members of the inhibitors of apoptosis (iap) gene family. The presence of a gp64 homologue in the
AnpeMNPV genome and results from gene parity plot and phylogenetic analysis using the 29 core baculovirus genes clearly classify AnpeMNPV
as a group I NPV. The divergence of genome sequences in two geographical NPV isolates suggests of great genetic heterogeneity of baculovirus
populations in nature.
© 2007 Elsevier Inc. All rights reserved.Keywords: Antheraea pernyi; Baculovirus; Genome; EvolutionIntroduction
Baculoviruses are rod-shaped, enveloped viruses with
circular double-stranded DNA genomes ranging from 80 to
180 kb. The family Baculoviridae includes a diverse group of
arthropod-specific viruses infecting more than 600 host species
mostly from the insect order Lepidoptera. Currently the family
comprises two genera, Nucleopolyhedrovirus (NPV) and Gra-
nulovirus (GV) (Theilmann et al., 2005). Based on the complete
sequences of 29 baculovirus genomes, it has been recently
proposed that the genus Nucleopolyhedrovirus be further
divided into three genera to separate the NPVs specific for☆ The GenBank accession number of the AnpeMNPV sequence reported in
this paper is EF207986.
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doi:10.1016/j.virol.2007.04.027Lepidoptera, Hymenoptera, and Diptera (Jehle et al., 2006). The
interests in using baculoviruses as environmentally safe pest
control agents and as recombinant protein expression vectors
have resulted in extensive research and led to the sequencing of
more than 35 baculovirus genomes. This, in turn, has provided
us with a great opportunity to perform comparative genomics to
better evaluate the diversity and gene functions of this group of
viruses.
The Chinese oak silkworm Antheraea pernyi (Lepidoptera:
Saturniidae) is an economically important insect primarily for
the production of tussah silk. In recent years, consumption of
the silkworm pupae as food delicacies has also gained
tremendous popularity. The jaundice disease of the oak
silkmoth caused by the infection of A. pernyi multicapsid
nucleopolyhedrovirus (AnpeMNPV) is a major threat to the
tussah industry (Liaoning Institute of Sericulture, 2003).
Meanwhile, AnpeMNPV has been explored as a protein ex-
pression system. With the sequencing of the polyhedrin gene,
(Zhang et al. 1992a, 1992b) have successfully constructed
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pernyi cells and pupae. The establishment of an A. pernyi cell
line has allowed more convenient screening of recombinant
viruses and recombinant proteins can be expressed with ef-
ficiency comparable to or higher than current baculovirus
expression systems (Huang et al., 2001). The Chinese oak
silkworm diapauses at the pupal stage; the large size and year-
round availability of these diapausing pupae offer an additional
advantage to this expression system. Towards the improvement
of the AnpeMNPV expression vector system, the ∼130 kb ge-
nome of the AnpeMNPV has been mapped (Huang et al., 2002).
The sequence of another AnpeMNPV isolate from southern
China was deposited in GenBank recently, but information
about the biology of this clone was not presented. Here we
report the complete genome sequence of the AnpeMNPV
Liaoning (L) isolate and compare it with other baculovirus
genomes.
Results and discussion
Nucleotide sequence of AnpeMNPV genome
Restriction analysis of different clones of AnpeMNPV from
Liaoning indicated that the field virus population is hetero-
geneous (Kobayashi, 1997). Therefore, genome sequencing was
performed using a plaque-purified clone of AnpeMNPV (L
isolate 2). Restriction analysis with XhoI generated 19 segments
of 0.3–23 kb, giving a cumulative size of ∼126.5 kb (Fig. 1),
slightly smaller than the estimate (∼130.2 kb) from a different
clone (Huang et al., 2002). Shotgun sequencing of the L isolateFig. 1. Restriction analysis of genomic DNA of the L isolate 2 of AnpeMNPV.
Panels A and B indicate separation of DNA bands smaller and larger than 1 kb,
respectively. Markers (1 kb plus and λ HindIII) are shown in kb.of AnpeMNPV revealed a genome size of 126,246 bp, in close
agreement with the estimated size from restriction analysis. It
has a G+C content of 53.5%, higher than most of NPV
genomes determined so far, but lower than that of Lymantria
dispar MNPV (LdMNPV) (57.5%) and Orgyia pseudotsugata
MNPV (OpMNPV) (55.0%) (Ahrens et al., 1997; Kuzio et al.,
1999). A total of 145 open reading frames (ORFs) were
identified in the AnpeMNPV genome, which encode putative
proteins of at least 50 amino acids with minimal overlap with
adjacent ORFs (Fig. 2, Table 1). The 145 ORFs were densely
arranged in both orientations, leaving a total of 10,311 bp
(8.2%) as intergenic regions. The AnpeMNPV genome is only
slightly smaller than the Bombyx mori NPV (BmNPV) genome
(128.4 kb) (Gomi et al., 1999), but higher in gene density. With
the polyhedrin gene being designated as the first ORF and its
orientation as clockwise, 69 ORFs are in the clockwise
orientation and 76 are in the counterclockwise orientation
(Fig. 2). Search for promoter motifs up to 150 bp upstream of
the ATG codons identified 69 ORFs with a late promoter
sequence (TAAG), 18 with a consensus early promoter motif (a
TATA box followed by a CAG/TT motif 20–40 bp down-
stream), and 15 containing both early and late promoter motifs.
Forty three ORFs had no recognizable promoter motifs. BLAST
analysis of AnpeMNPV ORFs showed that 96.5% (140/145)
have assigned functions or homologues in other baculovirus
genomes (Table 1). The five unique ORFs (7, 9, 69, 94, and
118) encode short polypeptides of 145, 84, 67, 77, and 164
amino acids (aa), respectively. Whereas ORF 7 has ∼30%
homology to a polyprotein from a bovine enterovirus, others
have no homology to proteins in the databases. None of these
unique ORFs has any recognizable promoter motifs; so it is
unknown whether they are expressed.
Comparison of the two AnpeMNPV isolates
The genomes of two AnpeMNPV isolates are 99.9%
identical, higher than what was reported for the two Helicov-
erpa armigera (Hear) SNPV clones (98.1%, Zhang et al., 2005).
To ensure sequence accuracy, we amplified and sequenced most
of the polymorphic ORFs from the L isolate. The genome of the
Zhenjiang (Z) isolate of AnpeMNPV is 384 bp longer than the L
isolate, largely due to insertions in the intergenic regions and a
higher number of repeats in a homologous region (hr). 122/144
ORFs predicted in the Z isolate are identical to the predictions in
the L isolate. Three predicted ORFs (45, 78, and 143) in the Z
isolate are probably invalid because they have extensive
overlaps with adjacent ORFs. Of the five ORFs (54, 69, 94,
103, and 121) that are predicted only in the L isolate, ORF 54,
69, and 121 were missed in the Z isolate due to single nucleotide
indels that disrupted the ORFs. A total of 589 bp of insertions
and 205 bp of deletions are found in the Z isolate; 123 bp of
insertions and 192 bp of deletions occur in the coding regions.
Some of these indels in the coding regions of the Z isolate cause
frame shifts in 23 ORFs, resulting in truncations or extensions
of the predicted proteins (Supplementary Table 1). For example,
the ORF23 (p94-like) in the L isolate was predicted to encode
two ORFs (23 and 24) in the Z genome due to a single
Fig. 2. Linear map of the AnpeMNPV genome (L isolate 2). The polyhedrin gene is designated as ORF 1 and its orientation as forward. Arrows indicate the position and orientation of predicted ORFs. ORF numbers or














Predicted ORFs in the AnpeMNPV genome
ORF Name a Position b Amino
acids
Promoter c Baculovirus homologues (amino acid identity, %)
AcMNPV AngeMNPV BmNPV CfDEFNPV EppoNPV HycuNPV OpMNPV
1 polyhedrin 1N738 245 L 8 (89) 1 (96) 1 (93) 1 (97) 1 (98) 1 (95) 3 (96)
2 1629 capsid 735b2510 591 L 9 (31) 152 (51) 2 (30) 149 (50) 136 (37) 2 (50) 2 (42)
3 pk-1 2509N3312 267 L 10 (66) 151 (71) 3 (67) 148 (73) 135 (74) 3 (77) 1 (76)
4 Unknown 3265b3495 76 L – 150 (43) – 147 (53) 134 (41) 4 (39) –
5 pe-38 3534b4442 302 L, E 153 (34) 148 (49) 128 (35) 146 (41) 133 (43) 5 (40) 152 (46)
6 Unknown 4614N4784 56 E – – – 142 (39) – – –
7 Unknown 5255b5692 145 – – – – – – –
8 ie-2 5809b6696 295 151 (32) 145 (34) 127 (29) 143 (34) 131 (41) 6 (54) 151 (45)
9 Unknown 6626N6880 84 – – – – – – –
10 odv-e56 7171N8295 374 E 148 (70) 144 (83) 124 (67) 141 (86) 130 (81) 9 (79) 146 (82)
11 ie-1 8371b10,143 590 E 147 (41) 143 (61) 123 (41) 140 (61) 129 (56) 10 (62) 145 (53)
12 Unknown 10,196N10,765 189 146 (54) 142 (73) 122 (53) 139 (75) 128 (67) 11 (67) 144 (73)
hr1 10,814–10,949
13 chtB 1 11,054b11,341 95 L 145 (70) 141 (85) 121 (68) 138 (86) 127 (82) 12 (77) 142 (82)
14 odv-ec27 11,344b12,234 296 L 144 (69) 140 (84) 120 (69) 137 (85) 126 (83) 13 (84) 141 (72)
15 odv-e18 12,250b12,513 87 L 143 (74) 139 (87) 119 (66) 136 (86) 125 (85) 14 (69) 140 (86)
16 p49 12,510b13,958 482 L 142 (71) 138 (85) 118 (71) 135 (85) 124 (82) 15 (81) 139 (87)
17 ie-0 13,968b14,690 240 L 141 (54) 137 (70) 117 (55) 134 (71) 123 (65) 16 (64) 138 (71)
18 me53 14,961N16,364 467 L, E 139 (39) 136 (57) 116 (40) 133 (57) 122 (56) 17 (53) 137 (62)
hr2 16,492–16,843
19 Unknown 16,995N17,738 247 L, E – – – – – 18 (49) 135 (55)
20 p74 17,832N19,754 640 L 138 (77) 134 (87) 115 (76) 132 (88) 121 (85) 19 (86) 134 (88)
21 p10 19,746b20,009 87 L 137 (51) 133 (48) 114 (52) 131 (50) 120 (47) 20 (90) 133 (46)
22 p26 20,052b20,774 240 L 136 (55) 132 (88) 113 (53) 130 (88) 119 (60) 21 (75) 132 (66)
23 p94-like 20,842N22,320 492 E 134 (53) – – – – – –
24 p22.2 22,477N23,106 209 E – 130 (76) – 129 (75) – 22 (57) –
25 alk.exo 23,133b24,530 465 133 (52) 129 (72) 110 (53) 128 (72) 118 (66) 23 (71) 131 (78)
26 Unknown 24,413b25,087 224 L 132 (25) 128 (44) 109 (26) 127 (47) 117 (43) 24 (42) 130 (46)
27 polyhedral calyx 25,088b25,957 289 L 131 (57) 127 (76) 108 (57) 126 (73) 116 (74) 25 (87) 129 (76)
28 gp16 26,005b26,313 102 L 130 (64) 126 (78) 107 (64) 125 (75) 115 (75) 26 (74) 128 (76)
29 p24 26,326b26,892 188 L, E 129 (63) 125 (79) 106 (61) 124 (76) 114 (76) 27 (72) 127 (76)
30 gp64 27,115N28,644 509 L, E 128 (76) 124 (85) 105 (74) 123 (91) 112 (75) 28 (80) 126 (80)
31 cathepsin 28,708b29,682 324 L 127 (79) – 104 (78) 122 (91) 111 (75) 29 (86) 125 (80)
32 v-chi 29,724N31,382 552 L 126 (78) – 103 (77) 121 (89) 110 (76) 30 (83) 124 (83)
33 lef-7 31,534N32,166 210 E 125 (27) 123 (59) 102 (28) 120 (64) 109 (28) 31 (56) 123 (55)
34 exoIII v-trex 32,200N32,892 230 E – 122 (87) – 119 (87) – – –
35 Unknown 32,978b33,688 236 L, E 124 (38) 121 (82) 101 (38) 118 (78) 108 (57) 32 (58) 122 (63)
36 Unknown 33,354N34,031 225 L 122 (37) 120 (74) 99 (38) 117 (74) – 33 (50) 121 (50)
37 Unknown 34,204b34,455 83 L 120 (45) 118 (83) 98 (45) 115 (80) 107 (56) 34 (56) 120 (60)
hr3 34,488–34,621
38 pif-1 34,620b36,215 531 L 119 (75) 117 (86) 97 (71) 114 (85) 106 (78) 35 (80) 119 (81)
39 Unknown 36,257b36,967 236 L – – – – – 36 (37) 118 (41)
40 Unknown 36,992b37,237 81 E 117 (42) 116 (42) 96 (40) 113 (41) 104 (45) 37 (32) 117 (31)
41 bro-a 37,267b37,800 177 2 (31) 115 (76) – 112 (75) 103 (72) 38 (76) 116 (79)
42 Pif-3 37,828N38,445 205 L 115 (63) 114 (75) 95 (65) 111 (75) 102 (67) 39 (73) 115 (75)
43 Unknown 38,454N39,704 416 L 114 (37) 114 (56) 94 (37) 109 (57) 100 (56) 40 (55) 114 (57)
44 Unknown 40,071N40,319 82 111 (60) 110 (67) 93 (56) 106 (67) 97 (71) 44 (58) 112 (71)
45 Unknown 40,316N40,486 56 L 110 (71) 109 (82) 92a (73) 105 (85) 96 (75) 45 (78) 111 (85)
46 chtB 2 40,478b40,756 92 L – 108 (41) – 104 (43) – 45 (42) 110 (51)
47 Unknown 40,778N41,953 391 L 1x09 (66) 107 (84) 92 (65) 103 (84) 95 (83) 46 (81) 109 (83)
48 Unknown 41,956N42,264 102 L 108 (58) 106 (75) 91 (58) 102 (76) 94 (74) 47 (73) 108 (77)
hr4 42,274–42,541
49 Unknown 42,534b43,289 251 L, E 107 (45) 104 (75) 90 (71) 100 (77) 93 (77) 48 (75) 107 (75)
50 pnk/pnl 43,378b45,420 680 E 86 (63) 103 (72) – – – – –
51 he65 45,615N47,276 553 E 105 (55) 102 (65) 89 (53) 98 (64) – – –
52 p87 47,358b49,271 637 L 104 (51) 100 (44) 88 (49) 96 (43) 91 (39) 49 (56) 105 (45)
53 p48 49,295N50,458 387 L 103 (68) 99 (64) 87 (67) 95 (64) 90 (68) 50 (67) 104 (69)
54 p12 50,451N50,792 113 L 102 (48) 98 (61) 86 (43) 94 (64) 89 (65) 51 (66) 103 (71)
55 p40 50,789N51,856 355 L 101 (64) 97 (84) 85 (63) 93 (84) 88 (78) 52 (81) 102 (79)
56 p6.9 51,894N52,133 79 L 100 (62) 96 (65) 84 (53) 92 (65) 87 (54) 53 (57) 101 (67)
57 lef-5 52,130b52,909 259 99 (61) 95 (74) 83 (60) 91 (76) 86 (76) 54 (77) 100 (72)
(continued on next page)
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Table 1 (continued)
ORF Name a Position b Amino
acids
Promoter c Baculovirus homologues (amino acid identity, %)
AcMNPV AngeMNPV BmNPV CfDEFNPV EppoNPV HycuNPV OpMNPV
58 38 K 52,856N53,797 313 L 98 (57) 94 (72) 82 (57) 90 (72) 85 (69) 55 (74) 99 (84)
59 bro-b 53,812b54,831 339 – 11 (74) 81 (49) 101 (74) – 56 (56) –
60 Unknown 54,881b55,399 172 L 96 (71) 93 (86) 79 (71) 89 (86) 84 (82) 58 (88) 97 (88)
61 helicase 55,389N59,027 1212 95 (59) 92 (77) 78 (58) 88 (77) 83 (76) 59 (78) 96 (79)
62 odv-e25 59,067b59,753 228 L 94 (64) 91 (89) 77 (60) 87 (89) 82 (89) 60 (87) 95 (79)
63 p18 59,758b60,234 158 L 93 (71) 90 (89) 76 (71) 86 (89) 81 (87) 61 (89) 94 (89)
64 Unknown 60,233N60,994 253 92 (77) 89 (81) 75 (76) 85 (79) 80 (79) 62 (73) 93 (71)
65 Unknown 61,008N61,622 204 L 91 (53) 88 (73) 74 (57) 84 (73) 79 (59) 63 (73) 92 (49)
66 lef-4 61,609b62,985 458 90 (52) 87 (73) 73 (51) 83 (72) 78 (68) 64 (70) 91 (74)
67 vp39 62,998N64,011 337 L, E 89 (60) 86 (75) 72 (61) 82 (74) 77 (71) 65 (79) 90 (82)
68 cg30 64,017N64,745 242 88 (42) 85 (58) 71 (40) 81 (56) 76 (57) 66 (55) 89 (57)
69 Unknown 65,148b65,351 67 – – – – – – –
70 vp91 65,711b68,278 855 83 (62) 82 (77) 69 (61) 79 (78) 75 (72) 68 (73) 86 (76)
71 telokin-like p20 68,142N68,600 152 L 82 (28) 81 (77) 68 (27) 77 (76) 74 (56) 69 (58) 85 (62)
72 Unknown 68,494N69,138 214 L 81 (71) 80 (84) 67 (70) 76 (84) 73 (86) 70 (84) 84 (87)
73 gp41 69,131N70,219 362 L, E 80 (60) 79 (77) 66 (59) 75 (77) 72 (76) 71 (77) 83 (77)
74 endonuclease 70,219N70,515 98 L, E 79 (67) 78 (85) 65 (68) 74 (84) 71 (86) 72 (82) 82 (81)
75 Unknown 70,518N70,829 103 L 78 (55) 77 (67) 64 (52) 73 (65) 70 (65) 73 (67) 81 (71)
76 vlf-1 70,834N71,946 370 L 77 (77) 76 (87) 63 (77) 72 (88) 69 (86) 74 (88) 80 (87)
77 Unknown 71,958N72,212 84 L 76 (84) 75 (96) 62 (82) 71 (96) 68 (91) 75 (91) 79 (89)
78 Unknown 72,214N72,606 130 L 75 (43) 74 (53) 61 (43) 70 (53) 67 (49) 76 (80) 78 (73)
79 Unknown 72,618N73,148 176 L 74 (44) 73 (63) 60 (45) 69 (63) 66 (63) 77 (60) 77 (68)
80 Unknown 73,145N73,402 85 L 73 (30) 72 (42) 59 (29) 68 (44) 65 (41) 78 (45) 76 (33)
81 Unknown 73,411b73,584 57 L 72 (47) 71 (54) 58a (47) 67 (57) 64 (63) 79 (66) 75 (69)
82 iap-2 73,615b74,343 242 L 71 (55) 70 (65) 58 (55) 66 (66) 63 (64) 80 (62) 74 (65)
83 met 74,324b75,118 264 69 (60) 69 (73) 57 (58) 65 (75) 62 (76) 81 (73) –
84 Unknown 75,069b75,479 136 68 (68) 68 (80) 56 (68) 64 (81) 61 (76) 82 (79) 73 (77)
85 lef-3 75,481N76,590 369 67 (41) 67 (70) 55 (40) 63 (70) 60 (68) 83 (63) 72 (64)
86 desmoplakin 76,587b79,064 825 L 66 (30) 66 (38) 54 (30) 62 (38) 59 (36) 84 (36) 71 (38)
87 DNA pol 79,074N81,944 956 65 (61) 65 (78) 53 (61) 61 (78) 58 (74) 85 (75) 70 (77)
88 gp50 82,004N83,098 364 L 64 (70) – 52 (68) 60 (75) 57 (73) 86 (71) 69 (69)
89 lef-9 83,126b84,613 495 62 (74) 62 (83) 50 (74) 58 (83) 56 (84) 89 (84) 65 (82)
90 25k FP 84,662N85,291 209 L 61 (71) 61 (82) 49 (69) 57 (83) 55 (78) 90 (77) 64 (79)
91 ChaB FP 85,479N85,730 83 L, E 60 (62) 60 (58) 48 (57) 56 (61) 54 (69) 91 (77) 63 (74)
92 Unknown 85,702N86,172 156 59 (37) 59 (48) 47 (36) 55 (48) 53 (45) 92 (75) 62 (49)
93 Unknown 86,169b86,702 177 E 57 (53) 58 (63) 46 (55) 54 (65) 52 (63) 93 (64) 61 (66)
94 Unknown 87,081b87,314 77 – – – – – – –
95 Unknown 87,520b87,729 69 L 55 (65) 56 (72) 44 (61) 52 (71) 50 (79) 95 (71) 59 (67)
96 vp1054 87,791b88,921 376 L 54 (52) 55 (74) 43 (52) 51 (74) 49 (73) 96 (75) 58 (77)
97 lef-10 88,770b89,015 81 53a (53) 54 (80) 42a (53) 50 (80) 48 (68) 97 (75) 57 (53)
98 Unknown 88,984b89,424 146 L 53 (59) 53 (78) 42 (61) 49 (76) 47 (71) 98 (76) 56 (77)
99 Unknown 89,688b90,647 319 51 (32) 52 (44) 40 (33) 48 (46) 46 (46) 101 (41) 55 (39)
100 lef-8 90,671N93,292 873 50 (68) 51 (82) 39 (68) 47 (82) 45 (81) 102 (81) 54 (82)
101 pcna 93,328N94,068 246 49 (29) – – – – 103 (55) 53 (57)
102 etm 94,070N94,402 110 E 48 (36) – – 46 (71) 44 (54) 104 (62) 52 (72)
103 Unknown 94,431N94,700 89 47 (33) – 38 (33) – – 105 (46) 51 (57)
104 odv-e66 94,791b96,830 679 L 46 (70) 49 (79) 37 (71) 45 (78) 42 (75) 106 (81) 50 (83)
105 Unknown 96,905b97,294 129 44 (51) 48 (61) 35 (52) 44 (60) 41 (60) – 49 (62)
106 Unknown 97,245b97,457 70 L 43 (62) 47 (69) 34 (59) 43 (70) 40 (58) 107 (71) 48 (68)
107 global transactivator 97,460b98,947 495 42 (54) 46 (74) 33 (53) 42 (70) 39 (67) 108 (71) 47 (73)
108 lef-12 98,956b99,471 171 L 41 (46) 45 (72) 32 (49) 41 (73) 38 (67) 109 (77) 46 (77)
109 p47 99,455N100,654 399 40 (67) 44 (81) 31 (67) 40 (81) 37 (80) 110 (81) 45 (80)
110 pkip 100,673b101,173 166 L 24 (41) 43 (62) 15 (41) 39 (60) 36 (56) 111 (62) 44 (68)
111 dbp1 101,182b102,084 300 E 25 (39) 42 (66) 16 (40) 38 (66) 35 (66) 112 (58) 43 (77)
112 Unknown 102,137N102,526 129 L 26 (58) 41 (72) 17 (58) 37 (74) 34 (70) 113 (73) 42 (76)
113 iap-1 102,523N103,365 280 27 (57) 40 (74) 18 (55) 36 (74) 33 (75) 114 (74) 41 (78)
114 lef-6 103,365N103,748 127 L 28 (32) 39 (57) 19 (31) 35 (61) 32 (44) 115 (48) 40 (61)
115 Unknown 103,778b103,981 67 29 (56) 38 (66) 20 (56) 34 (66) 31 (56) 116 (72) 39 (71)
116 Unknown 104,037b105,380 447 L 30 (50) 37 (61) 21 (49) 33 (61) 30 (61) 117 (61) 38 (66)
117 Unknown 105,379N105,936 185 – 36 (59) – 32 (56) 29 (48) 118 (50) 37 (55)
118 Unknown 105,955b106,449 164 – – – – – – –
119 Unknown 106,459b107,163 234 – 35 (55) – 31 (51) 27 (51) 119 (52) 36 (55)
hr5 107,272–107,329
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Table 1 (continued)
ORF Name a Position b Amino
acids
Promoter c Baculovirus homologues (amino acid identity, %)
AcMNPV AngeMNPV BmNPV CfDEFNPV EppoNPV HycuNPV OpMNPV
120 sod 107,328b107,780 150 L 31 (74) 32 (94) 23 (71) 29 (94) – 122 (82) 29 (83)
hr6 107,820–108,268
121 ctl-2 108,310b108,501 63 – 30 (57) – – – 123 (61) 30 (75)
122 fgf 108,587b109,144 185 32 (45) 29 (58) 24 (44) 28 (57) 25 (55) 124 (59) 27 (57)
123 Unknown 109,320b110,132 270 E 34 (53) 27 (67) 25 (54) 26 (67) 24 (67) 125 (67) 26 (68)
124 ubiquitin 109,929N110,159 76 L 35 (86) 26 (92) 26 (86) 25 (93) 23 (94) 126 (95) 25 (96)
125 p31 110,243b111,115 290 L, E 36 (44) 25 (64) 27 (47) 24 (65) 22 (64) 127 (63) 24 (62)
126 lef-11 110,974b111,300 108 37 (58) 24 (69) 28 (56) 23 (67) 21 (72) 128 (77) 23 (73)
127 Unknown 111,284b111,901 205 L, E 38 (73) 23 (86) 29 (72) 22 (82) 20 (82) 129 (85) 22 (85)
128 F Protein 112,036b114,000 654 L, E 23 (40) 22 (59) 14 (41) 21 (60) 19 (54) 130 (52) 21 (58)
129 pif-2 114,187b115,335 382 L 20 (79) 12 (85) 13 (77) 10 (86) 18 (82) 131 (85) 20 (86)
130 arif-1 115,356N116,330 324 E 21 (34) 13 (45) 12 (33) 11 (46) 17 (47) 132 (41) 19 (48)
131 Unknown 116,542b116,853 103 L 19 (41) 14 (58) 11 (40) 12 (60) 16 (55) 133 (57) 18 (51)
132 Unknown 116,855N117,916 353 18 (48) 15 (66) 10 (45) 13 (65) 15 (65) 134 (63) 17 (60)
133 Unknown 117,953b118,573 206 L 17 (48) 16 (72) 9 (53) 14 (71) 14 (66) 135 (66) 16 (68)
134 odv-e26 118,542b119,135 197 E 16 (34) 17 (61) 8 (32) 15 (61) 13 (54) 137 (53) 15 (58)
135 egt 119,259b119,657 132 L 15 (55) 18 (67) 7 (53) 16 (70) 12 (70) 138 (73) 14 (79)
136 lef-1 119,768N120,499 243 14 (51) 19 (68) 6 (51) 17 (68) 11 (59) 139 (65) 13 (66)
137 Unknown 120,457N121,380 307 L, E 13 (41) 20 (67) 5 (40) 18 (67) 10 (54) 140 (59) 12 (64)
138 Unknown 121,332N121,706 124 – 21 (50) – 19 (40) 9 (39) –
139 Unknown 121,789b122,799 336 E 11 (41) 10 (58) 4 (41) 9 (57) 8 (48) 141 (55) 11 (62)
140 ptp-1 122,920N123,456 178 L, E 1 (58) 9 (67) 130 (58) 8 (66) 7 (63) 142 (72) 10 (68)
141 ctl-1 123,434b123,595 53 L 3 (81) – – – – 143 (81) 136 (69)
142 ptp-2 123,745N124,227 160 – 8 (73) – 7 (72) – – 9 (78)
143 Unknown 124,407b124,856 149 E 4 (60) 2 (81) 133 (60) 5 (81) 6 (59) 145 (78) 8 (76)
144 lef-2 124,995N125,735 246 L 6 (54) 3 (73) 135 (55) 3 (74) 4 (68) 147 (67) 6 (74)
145 Unknown 125,759N126,145 128 L – 2 (63) – 2 (65) 3 (63) – 5 (63)
The ORFs in the AnpeMNPV genome are compared with ORFs of seven group I NPVs with the amino acid identity (%) shown in parenthesis.
a The 29 baculovirus core genes are in bold and additional 33 genes conserved in lepidopteran NPVs are underlined.
b The clockwise and counter clockwise orientations of the genes are indicated as N and b, respectively.
c L and E indicate the presence of early (E) and late (L) promoter elements.
309Q. Fan et al. / Virology 366 (2007) 304–315nucleotide deletion in the middle of the gene. BLASTanalysis of
these differing ORFs showed that our sequences have higher
levels of homology and closer agreement in size to their
homologues in group I NPVs, suggesting that some of the
polymorphisms in the Z isolate are probably sequencing errors.Fig. 3. Sliding window analysis of nucleotide diversity (π) between the genomes of tw
of the hrs and bro genes are indicated.Besides, the ambiguous bases in the deposited sequences of the
Z isolate (GenBank # NC_008035) could be resulted from
sequencing errors or sequencing of uncloned viruses. Larger
indels that did not change the reading frames include a 13 aa
deletion in the ie-1 gene (ORF11) and a 13 aa insertion in the p87o AnpeMNPV isolates. Regions with high nucleotide diversity and the locations
310 Q. Fan et al. / Virology 366 (2007) 304–315gene (ORF 54 in the Z isolate). The largest deletion of 113 bp is
found in the ORF 133 of in the Z isolate, which encodes a
truncated ecdysteroid UDG-glucosyltransferase (egt) gene.
The two AnpeMNPV genomes have a total of 192 sub-
stitutions, among which 168 occur in the coding regions of 66
ORFs. 51 substitutions are nonsynonymous, resulting in amino
acid changes in 34 predicted proteins. Two substitutions in ORF
95 and 102 of the Z isolate occur in the stop codon, thus the
lengths of the predicted ORFs are longer (143 and 222 aa) than
those predicted in the L isolate (69 and 110 aa). Sliding window
analysis of nucleotide divergence indicates that the distribution
of the polymorphisms is not uniform (Fig. 3). The highly
polymorphic sites are not always found near the locations of hrs
and baculovirus-repeated ORFs (bro) genes associated with
genome instability. The region with the highest nucleotide di-
vergence is located in the ORF86–87 region, with 25 sub-
stitutions being found in the putative desmoplakin and DNA
polymerase genes (Table 1, Fig. 3). It is intriguing that four
substitutions in the DNA polymerase gene of the Z isolate are
nonsynonymous, leading to frame shift and slight truncation of
the protein. Since biological differences in these viral isolates are
not known, whether these polymorphisms have functional sig-
nificance (e.g., different virulence) remains to be investigated.
Comparison with other baculoviruses
Phylogenetic analysis of baculovirus genomes further
separates lepidopteran NPVs into two groups (Herniou et al.,
2001, 2003). Whereas group II NPVs utilize an ancient fusion
protein (an AcMNPV ac23 homologue) for cell-to-cell spread,
this fusion activity is replaced by gp64 in group I NPVs.
AnpeMNPV possesses a gp64 homologue (orf30), suggesting
that it belongs to the group I NPVs. This assignment is
corroborated by Gene Parity Plot and phylogenetic analysis.
Neighbor-Joining (NJ) and Minimum Evolution (ME) analysis
using concatamers of 29 core baculovirus proteins generated the
same phylogenetic tree topology with strong bootstrap supports
(Fig. 4). With a few new members of group I NPVs, the tree
topology is similar to a parsimonious tree reported earlier
(Lauzon et al., 2005). AnpeMNPV had the highest average aa
identity with HycuNPV (Ikeda et al., 2006), followed by
OpMNPVand CfMNPV. Gene parity plot analysis also showed
that gene order in the AnpeMNPVgenome is most collinear with
group I NPVs (Fig. 5). While the gene order in AnpeMNPV is
very similar to those in AcMNPV, BmNPV, and Anticarsia
gemmatalis (Ange) NPV with only small regions of inversion
(Ayres et al., 1994; Gomi et al., 1999; Oliveira et al., 2006), the
highest level of co-linearity is observed among AnpeMNPV,
OpMNPV, and Epiphyas postvittana (Eppo) NPV (Hyink et al.,
2002). In addition, the gene content is also highly conserved
between AnpeMNPVand of group I NPVs. AnpeMNPV shares
126, 127, 122, 132, 122, 133, and 129 ORFs with AcMNPV,
AngeNPV, BmNPV, Choristoneura fumiferana defective
(CfDEF) NPV, EppoNPV, HycuNPV, and OpMNPV, respec-
tively (Table 1). AnpeMNPV has all 62 lepidopteran baculovirus
genes including the 29 core baculovirus genes (Hayakawa et al.,
2000; Herniou et al., 2003; Lauzon et al., 2004).Homologous regions (hrs) and bro genes
Hrs comprised of direct repeats with an imperfect palin-
dromic core are found in most NPV genomes except for Neo-
diprion lecontei (Nele) NPV (Lauzon et al., 2004),
Chrysodeixis chalcites (Chch) NPV (van Oers et al., 2005),
and Trichoplusia ni (Tn) SNPV (Willis et al., 2005). They may
serve as the origins of DNA replication and enhancers of
transcription (Guarino and Summers, 1986; Theilmann and
Stewart, 1992; Xie et al., 1995). Six hrs are identified in the
AnpeMNPV, accounting for∼1% of the genome (Fig. 6A). The
hrs are not evenly distributed in the genome, with the “central”
genome from ORF49 to ORF119 containing no hrs (Fig. 2,
Table 1). The six hrs contained a total of 21 imperfect
palindromes, with 1–7 palindromes per hr. Since different
baculoviruses contain various numbers of hrs, genes flanking
hrs are not conserved. Interestingly, hr5 contains only one
repeat and is separated from hr6 by a single gene encoding
superoxide dismutase (sod). Like other baculovirus hrs, each
AnpeMNPV hr is composed of a 36 bp imperfect palindrome
and another conserved flanking region (Fig. 6A). They not only
share significant intra-genomic homology, but the core
palindromes are also highly conserved in group I NPVs (Fig.
6B) (Lauzon et al., 2005). This suggests that at least hrs from
group I NPVs may be descended from a common ancestor
sequence, and they may perform similar functions. The
identification of viral factors such ie-1 protein that binds to
the hr sequences also suggested co-evolution between the
binding factors and the sequences (Choi and Guarino, 1995;
Rodems and Friesen, 1995). hr sites may also be hotspots for
inter- or intra-molecular homologous recombination, which are
responsible for the high degree of genome variability around the
hrs (Ahrens et al., 1997; Hayakawa et al., 2000). Comparison
between the two AnpeMNPV isolates shows that five hrs are
identical but hr6 has seven repeats in the L isolate and ten
repeats in the Z isolate. To verify this inter-isolate variation, we
used two more plaque-purified isolates from the L isolate of
AnpeMNPV and amplified the hr regions using flanking
primers. Sequencing has revealed that hr6 in the two new
isolates have five repeats as compared to seven in the original
isolate sequenced.
Bro genes constitute a highly repetitive and conserved gene
family with homology to AcMNPV ORF2. They are present in
most baculoviruses sequenced so far, with 1–16 copies
depending on the species. Most bro genes have a conserved
N-terminal domain, which has been shown to possess single-
stranded (ss) DNA-binding activity (Zemskov et al., 2000).
Recently, the BmNPV bro proteins have been implicated in
nucleocytoplasmic shuttling of proteins (Kang et al., 2006).
Based on domain arrangement and the sequences of a 41-aa core
domain, the bro family has been divided into four groups (Kuzio
et al., 1999). Two bro genes are identified in the AnpeMNPV
genome and designated as bro-a and bro-b, respectively, based
on their order in the genome. Bro-a encodes a putative protein of
177 aa and belongs to Group I bro genes with homology to the
Ld-bro-n gene. Bro-b encodes a putative protein of 339 aa and
belongs to Group II. Like the hrs in baculovirus genomes, bro
Fig. 4. Phylogeny of AnpeMNPV. Shown here is the NJ tree based on 29 core baculovirus proteins from 9 group I NPVs [AcMNPV (Ayres et al., 1994), BmNPV
(Gomi et al., 1999), AngeMNPV (Oliveira et al., 2006), Rachiplusia ou (Ro) MNPV (Harrison and Bonning, 2003), HycuNPV (Ikeda et al., 2006), EppoNPV (Hyink
et al., 2002), OpMNPV (Ahrens et al., 1997), and CfMNPV (de Jong et al., 2005)], 11 group II NPVs [Spodoptera exigua (Se) MNPV (Ijkel et al., 1999), S. litura (Sl)
NPV (Pang et al., 2001), LdMNPV (Kuzio et al., 1999), Agrotis segetum (Agse) NPV (Jakubowska et al., 2006),Mamestra configurata (Maco) NPV (Li et al., 2002),
TnSNPV (Willis et al., 2005), ChchNPV (van Oers et al., 2005), Adoxophyes honmai (Adho) NPV (Nakai et al., 2003), HearSNPV (Chen et al., 2001), H. zea (Hz)
SNPV (Chen et al., 2002), and Ectropis oblique (Ecob) NPV (Ma et al., 2006)], XcGV (Hayakawa et al., 1999), NeseNPV (Garcia-Maruniak et al., 2004), NeleNPV
(Lauzon et al., 2004), and CuniNPV (Afonso et al., 2001).
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instability and emergence of novel genes, suggesting of areas of
intensive homologous recombination (Hayakawa et al., 2000; Li
et al., 2002). In the AnpeMNPV genome, bro-a is located near a
unique ORF, while bro-b is found interrupting a conserved
baculovirus core cluster of genes (Fig. 2, Table 1).
Structural proteins, DNA replication, and transcription
The 15 structural proteins identified in all baculoviruses
(Hayakawa et al., 2000) are also found in AnpeMNPV (ORFs 1,
3, 10, 14, 15, 20, 21, 56, 62, 67, 70, 73, 96, 104, and 128).
Additionally, polyhedral calyx protein (ORF 27), p87 (ORF 52),
1629 capsid protein (ORF 2), and gp50 (ORF 88) are among
other NPV structural proteins conserved in AnpeMNPV.
Baculovirus entry into host cells involves binding of the viral
particle to the host cell receptor and fusion of the membrane.
The ld130 (F protein) gene product is the only host cell receptor
binding and membrane fusion protein essential for group II
NPVs. Although this gene is still retained in group I NPVs, themembrane fusion activity is basically replaced by the gp64 gene
product (Hefferon et al., 1999). In AnpeMNPV, gp64 and F
protein genes are encoded by ORF 30 and 129, respectively.
The gp64 gene is more conserved (N74% identity with
homologues), whereas F protein is relatively more diverged
among Group I NPVs (Table 1). The four genes p74, per os
infection factor-1 (pif-1), pif-2, and pif-3 implicated in per os
infectivity, the common natural route of baculovirus infection,
are conserved in all baculoviruses (Ohkawa et al., 2005).
Normally deletion of these genes affects only per os infectivity
without interfering with viral replication in cell culture (Kikhno
et al., 2002; Kuzio et al., 1989; Pijlman et al., 2003). These
genes in the AnpeMNPV genome all share high levels of
homology with their orthologues in group I NPVs, suggesting
of functional conservation of these genes during baculovirus
evolution.
Most genes attributed to baculovirus DNA replication are
found in AnpeMNPV (Ahrens and Rohrmann, 1995; Kool et
al., 1995; Lu and Miller, 1995), many of which are among the
29 core baculovirus genes. These include the five genes
Fig. 5. Gene parity plot analysis of AnpeMNPV with representatives of group I (AcMNPVand OpMNPV), group II (TnSNPV), and hymenopteran NPV (NeseNPV).
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helicase), and genes stimulating DNA replication (ie-2, p38,
lef-7). However, AnpeMNPV lacks the genes (e.g., ribonu-
cleotide reductase, dutpase) involved in converting host rNTPs
to dNTPs for use in DNA synthesis (Li et al., 2002).
Baculovirus gene transcription occurs in a cascade-like
pattern that can be divided into immediate-early, delayed-early,
late, and very late stages. Early gene expression uses host RNA
polymerase II, while late gene expression uses a virus-encoded
RNA polymerase complex (Miller, 1997). Homologues of the
early gene transcriptional activators me53, ie-0, and ie-1 have
been found in AnpeMNPV, although the homology between the
corresponding homologues in AnpeMNPV and AcMNPV is
modest (39–54%). These genes are more diverged among
baculoviruses (Ijkel et al., 1999), probably as the result of
interactions with host-specific factors. Ten genes required for
maximal late gene expression (lef-4, lef-5, lef-6, lef-8, lef-9,
lef-10, lef-11, lef-12, p47, and p31) are also conserved in
AnpeMNPV (Lu and Miller, 1995). Of these genes, four
encoding the viral RNA polymerase subunits (lef-4, lef-8, lef-9,
and p47) are among the 29 core baculovirus genes (Guarino et
al., 1998). The vlf-1 gene that is found essential for maximal
expression of the very late genes polyhedrin and p10 is highly
conserved in AnpeMNPV (N77% identity with those from
group I NPVs) (Yang and Miller, 1998).Inhibitors of host cell apoptosis and auxiliary genes
Two families of apoptosis inhibitor genes have been
described in baculoviruses: p35-like and inhibitors of apopto-
sis (iap). P35 members have been found in a limited number of
baculoviruses, including AcMNPV, TnMNPV, BmNPV and
Spodoptera littoralis NPV, whereas iap genes are almost
ubiquitously present in baculoviruses except CuniNPV
(Afonso et al., 2001). While p35 is an inhibitor of a broad
range of caspases (Bump et al., 1995), the mechanisms by
which IAP proteins inhibit apoptosis are not completely
understood. IAP proteins contain 1–3 copies of baculovirus
IAP repeat (BIR) at the N-termini, and some also have a C-
terminal ring finger motif. Similar to most baculoviruses,
AnpeMNPV lacks a p35 homologue (Table 1), but has two
iap family members. Based on their homology to the two
iap genes in AcMNPV, they are designated as iap-1 (ORF
111) and iap-2 (ORF 88), respectively. Each of the two iap
proteins has two BIR motifs in its N-terminus with three Cys
residues highly conserved. The two proteins are more
conserved in the C-terminus, where the ring finger motif is
located.
AnpeMNPV has a similar set of auxiliary genes as group I
NPVs (O'Reilly, 1997), including protein kinase 1 (pk-1, ORF
3), cathepsin (ORF 31), chitinase (v-chi, ORF 32), proliferating
Fig. 6. (A) Alignment of AnpeMNPV hrs. Alignment is optimized by insertion of gaps (–) and identical letters are shadowed. A consensus sequence is shown with the
dashed arrows indicating the imperfect palindrome and bracket as central axis. Note that the sequences are shown in the same orientation with the polyhedrin gene,
which is reversed-complemented in panel B. (B) Alignment of AnpeMNPV hr palindrome with those from other group I NPVs. Y=T,C; K=T,G; M=C,A; R=G,A;
N=A,C,G,T.
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blast growth factor (fgf, ORF 122), ubiquitin (ORF 124), actin
rearrangement-inducing factor-1 (arif-1, ORF 130), and egt
(ORF 135). Many baculoviruses encode Cys-rich conotoxin-
like (ctl) genes, whose functions are still not clear (Eldridge et
al., 1992). AnpeMNPV has two ctl genes that share only 43%
amino acid identity. In addition, two protein tyrosine
phosphatase (ptp) genes are found in the AnpeMNPV genome.
They have limited sequence similarity (∼23%), located in a
1.5-kb region of the genome, being separated by the ctl-1
gene. In AcMNPV, BmNPV, and EppoNPV, only ptp1 gene is
present. Recently, ptp1 protein in BmNPV has been shown to
induce enhanced light-activated locomotion in baculovirus
infected insects (Kamita et al., 2005), a behavior that is
considered beneficial for the dissemination of the viral
progeny.
In conclusion, the completion of the AnpeMNPV genome
has allowed the determination of its phylogenetic status and
evolutionary history. Like several other baculoviruses where
genomes of different isolates are available, the genomic
sequences of geographically different viral isolates provide
invaluable insights about the genetic diversity of this family of
viruses. Further studies of viral field populations using
polymorphic markers within the genome may offer additional
information about the evolution and population structure of
these viruses. Moreover, the genome information will facilitatefurther development of an AnpeMNPV-based in vivo protein
expression system.
Materials and methods
Virus and viral DNA
To obtain a single viral clone for genome sequencing, mixed
AnpeMNPV derived from polyhedra were used to infect a
Philosamia cynthia cell line by limiting dilution of the virions
(Liu et al., 1999). Individual plaques were isolated and further
propagated in P. cynthia cells in a 12-well plate. Three clones
were obtained and clone 2 was chosen for genome sequencing
purpose. To extract viral genomic DNA, clone 2 was amplified
in diapausing A. pernyi pupae. Two weeks after the inoculation,
hemolymph of infected pupae was collected and centrifuged
briefly to remove the hemocytes and other large tissue particles.
Viral particles were purified from supernatant by sucrose
gradient centrifugation (O'Reilly et al., 1992). Viral genomic
DNA was extracted by proteinase K digestion, phenol-chloro-
form extraction, and ethanol precipitation.
DNA sequencing and sequence analysis
Viral genomic DNA was sonicated and DNA fragments of
2–3 kb were selected to construct a DNA library in pUC118.
314 Q. Fan et al. / Virology 366 (2007) 304–315This shotgun DNA library was sequenced to obtain a
sevenfold genomic coverage. The complete genome sequence
was compiled using Lasergene 7. To accurately assemble the
hrs, they were amplified using flanking primers and the
polymerase chain reaction products were sequenced from both
orientations. ORFs encoding more than 50 aa with b75 bp
overlap with adjacent genes were identified using ORF finder
(http://www.ncbi.nlm.nih.gov/gorf) and accepted as putative
genes. Exceptions were made when the overlapped ORFs
match predicted genes in other baculovirus genomes. hrs were
identified using the dot matrix analysis, direct repeat, and
palindrome finder in the Lasergene program and by searching
the AnpeMNPV genome using the hr consensus in other
baculoviruses (Lauzon et al., 2005).
Comparison of polymorphism between AnpeMNPV isolates
To identify regions of polymorphism in the AnpeMNPV
genome, genomic sequences of the two isolates were aligned
using the MegAlign program (Lasergene). The levels of
polymorphism in different regions of the genome were further
evaluated using a sliding window method implemented in
DnaSP 4.0 (Rozas et al., 2003), which calculates the nucleotide
diversity (π) with a window size of 100 nucleotides and a step
size of 25 nucleotides. Regions of high nucleotide diversity
were visually inspected to identify the types and locations of
substitutions.
Gene parity plots and phylogenetic analysis
Gene parity plots were performed as described by Hu et al.
(1998) on AnpeMNPV genome versus most group I NPV
genomes, and representatives of other baculovirus genomes,
including the group II T. ni (Tn) NPV (Willis et al., 2005), the
hymenopteran Neodiprion sertifer (Nese) NPV (Garcia-
Maruniak et al., 2004), the dipeteran Culex nigripalpus
(Cuni) NPV (Afonso et al., 2001), and the Xestia c-nigrum
(Xc) GV (Hayakawa et al., 1999). To determine the
phylogenetic relationship of AnpeMNPV with other baculo-
viruses especially group I and II NPVs, sequences of 29 core
baculovirus proteins were retrieved from the genome
sequences of 21 group I and II NPVs, NeseNPV, N. lecontei
(Nele) NPV (Lauzon et al., 2004), CuniNPV, and XcGV.
Protein sequences were concatenated and aligned using
Clustal X 1.81. Evolutionary relationships of AnpeMNPV
with other baculoviruses were inferred from phylogenetic
analysis. Phylogenetic trees were constructed using the NJ and
ME methods implemented in MEGA 3.1 (Kumar et al., 2004).
The reliability of the trees was tested by bootstrap analysis
with 1000 pseudoreplications.
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